Introduction {#s1}
============

Non-tuberculous mycobacteria (NTM) species spread among five genera (*Mycobacterium, Mycobacteroides, Mycolicibacillus, Mycolicibacter*, and *Mycolicibacterium*) of the family *Mycobacteriaceae* ([@B1]). To date, more than 250 taxa (species and subspecies) have been identified as NTM and are ubiquitously distributed throughout aquatic and terrestrial environments. Although most NTM species are non-pathogenic and rarely observed in clinical samples, up to 60 NTM species have repeatedly been recovered from clinical specimens and proved to cause human diseases ([@B2], [@B3]).

The incidence and the disease burden of NTM infection have increased significantly worldwide as a result of changes in demographics, advances in radiological diagnosis of pulmonary abnormalities and identification techniques of *Mycobacterium* species, and the control and decline of tuberculosis (TB). The prevalence of NTM even exceeded *Mycobacterium tuberculosis*, the causative agent of TB, in the United States ([@B4]). Moreover, among suspected multidrug-resistant TB patients who did not respond to 2--3 months of treatment with first-line anti-TB drugs, about 30% were actually NTM infection ([@B5]), with the actual NTM infection rates likely to be higher. Patients with impaired immunity as a result of malignancies, organ transplantation, and HIV infection, those with chronic pulmonary diseases, and the elderly are at a higher risk of NTM infection ([@B4], [@B6], [@B7]). NTM co-infection with HIV and *M. tuberculosis* has negatively impact on TB management.

Because NTM infection is not a legally required notifiable disease, coupled with the cumbersome operation of NTM identification methods, there is not such a sophisticated and organized TB monitoring system for NTM in China, the same as is the case in Europe and most other countries ([@B8]). An epidemiological analysis of NTM depends mainly on systematic review and meta-analysis. Because NTM are a large heterogeneous group of microorganisms, patient susceptibility, dominant species, and drug sensitivity, including anti-tuberculosis drugs, vary greatly within species. However, such information has significant reference value for the treatment and the management of these infections, especially in low- and middle-income countries without sufficient resources or laboratory equipment to conduct the clinical tests. Thus, in the current study, we systematically reviewed and analyzed reports on NTM from mainland China, published within the last 20 years, to explore the epidemic characteristics and trends in NTM prevalence, distribution, and drug resistance in China.

Materials and Methods {#s2}
=====================

Search Strategy and Inclusion and Exclusion Criteria
----------------------------------------------------

The study was carried out according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses. All studies involving NTM clinical specimens from mainland China and published between January 1, 2000 and May 31, 2019 were retrieved from four online resources (BIOSIS, Embase, PubMed, and Web of Science) and three Chinese medical literature databases (CNKI, Wanfang, and Vip). The screening terms included the combination of "China/Chinese" and medical subheadings (MeSH) or key words (NTM, atypical mycobacterium, atypical mycobacterial infection, non-tuberculous, non-tuberculous mycobacterium, non-tuberculosis, non-tuberculous, as well as the names of the 249 NTM species and subspecies reported to date). Additional studies were added by retrospective searches.

Only original articles were included in the analysis. The inclusion criteria required that the studies clearly described the NTM isolation and identification methods used. The samples should be from patients in mainland China, with a definite sample size and number of NTM isolated. For reports on drug sensitivity, standardized methods of drug sensitivity testing (DST) should be used and breakpoints for drug resistance determination should be noted. Among duplicate studies from the same source conducted at the same location and time, only the study with the largest sample size was included. For studies using NTM isolates collected from imported patients, the environment or animal was excluded. Review articles and conference abstracts without the full text were also excluded.

Data Extraction and Management
------------------------------

The following data were extracted from the included full-text publications: sample source, patient characteristics, collection time, location, methods of identification/culture and DST, number of cases and strains isolated (NTM and total mycobacteria, if applicable), NTM species, breakpoints for drug resistance determination, drug resistance rates, authors, and affiliations. Two researchers independently performed the literature search and data entry. Inconsistencies were rechecked to obtain consensus.

Data Analysis
-------------

Stata 14 ([@B9]) and NoteExpress 3.0 (AEGEAN, Beijing, China) were used for data management and meta-analysis. Heterogeneity was examined using the *I*^2^ statistic. Funnel plots were used to quantitatively assess publication bias. The pooled prevalence of NTM and each species with corresponding 95% confidence intervals (CIs) was calculated using forest plots in a random-effect model. Stratified statistical analyses were subsequently performed with respect to species, isolation time, and geographic area.

Results {#s3}
=======

Screening Results and Characteristics of the Included Studies
-------------------------------------------------------------

A total of 8,137 publications were obtained by database search using the combination terms set for this study. After eliminating duplicates and irrelevant studies based on the title and abstract evaluations, 2,058 publications were carried forward for full-text evaluation. As a result, 1,719 papers were further excluded, leaving 339 papers for inclusion in the systematic review, including 12 in English and 327 in Chinese ([Figure 1](#F1){ref-type="fig"}).
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The publications used for the analyses included 55 case reports, 141 studies with \<50 isolates, 70 with between 50 and 100 isolates, and 73 with \>100 isolates. Geographically, the included studies covered 29 of the 31 provinces of mainland China. In total, 296 publications were reports from a single hospital, 43 covered multiple hospitals/centers, and 19 included samples from multiple provinces. Among the papers, 136 described single-year studies and 203 were multi-year studies, of which 36 contained data from \>5 years. In addition, 67 publications involved only one NTM species, while 170 publications included species composition information. Of the 339 papers, 139 publications also included DST data.

NTM Culture and Identification Methods
--------------------------------------

Traditional culture on Lowenstein--Jensen (L--J) slants combined with P-nitrobenzene acid and thiophene-2-carboxylic acid hydrazine differential medium was the most commonly used isolation and identification method for NTM over the 20-year study period in mainland China ([Supplementary Tables 1](#SM1){ref-type="supplementary-material"}, [2](#SM1){ref-type="supplementary-material"}). The use of commercial BACTEC™ medium (MGIT™ 960, 460, 9120, and FX40) and MacC agar increased in 2010, with use of the latter medium almost surpassing that of the L--J slants for NTM culture over the past 5 years. Molecular detection methods, particularly polymerase chain reaction (PCR)-based analysis and sequencing of conserved genes, have been applied to NTM species identification since 2005. Among 87 studies (9,628 NTM strains) using the PCR-sequencing identification method, 57 (7,284 NTM strains) conducted multi-locus analysis and 30 (2,344 NTM strains) used single-gene sequencing. Among molecular studies, 16S rRNA, *hsp65*, and *rpoB* were the three most commonly used target genes.

NTM Prevalence and Species Recovered From Clinical Specimens
------------------------------------------------------------

Over the 20-year period from 2000 to 2019, 13,653 NTM isolates were recovered from 293,011 clinical suspected TB samples (patients with TB signs or symptoms, including pulmonary and extrapulmonary TB) in mainland China. In these publications, 58 papers also reported the total isolations of mycobacteria, which was 8,973 NTM among 77,964 mycobacteria from 219,829 samples. Thus, the crude isolation rate for NTM of TB suspects was 4.66%, with the proportion of NTM among *Mycobacterium* isolates at 11.57% in China. Excluding case reports, there was significant heterogeneity among the studies included in the meta-analysis (*X*^2^ = 17,579.19, *I*^2^ = 99.5%, *P* \< 0.001). After excluding the studies with \<100 NTM isolates, the isolation rate for NTM increased to nearly 5.78%. However, even if only studies with \>200 NTM isolates were included, the heterogeneity remained statistically significant. Therefore, a random-effect model was used for the meta-analysis ([Table 1](#T1){ref-type="table"} and [Figure 2](#F2){ref-type="fig"}). In addition, stratified statistical analyses were conducted. From 2000 to 2019, the 5-year isolation rates for NTM in TB suspects were 3.01 (2.67--3.36), 6.71 (6.22--7.20), 3.01 (2.84--3.17), and 7.91% (7.32--8.49%), respectively. The proportion of NTM among the *Mycobacterium* isolates were 8.15, 22.03, 8.08, and 18.20%, respectively, but there was no significant difference between the two highest proportions (*X*^2^ = 5.97, *P* \> 0.001). In the three economic zones of China, coastal, central, and western, the separation rate of NTM was higher in coastal areas than in inland areas, which showed a statistical geographic difference.

###### 

Non-tuberculous mycobacteria (NTM) isolation rates in mainland China and heterogeneity among studies included in the meta-analysis.

                                           **Classification**   **Number of publications**   **Isolation rate (95% CI)**   **Proportion of NTM in *Mycobacterium* (%)**   **Heterogeneity**          
  ---------------------------------------- -------------------- ---------------------------- ----------------------------- ---------------------------------------------- ------------------- ------ -------------
  Overall effect                                                95                           4.66 (4.58--4.74)             11.57                                          17,579.19           99.5   \<0.001
  NTM isolation                            100≤                 26                           5.33 (5.23--5.42)             13.10                                          13,709.38           99.8   \<0.001
                                           200≤                 17                           5.78 (5.67--5.88)             14.18                                          12,413.19           99.9   \<0.001
  Region[^a^](#TN1){ref-type="table-fn"}   Coastal              62                           4.68 (4.60--4.76)             12.40                                          11,902.22           99.5   *P* \<0.001
                                           Central              27                           4.04 (3.76--4.33)             6.13                                           3,121.66            99.2   *P* \<0.001
                                           Western              14                           2.90 (2.70--3.10)             6.98                                           1,514.36            99.1   *P* \<0.001

*The regions were divided according to the economic belt of China. The coastal provinces on the mainland include Shandong, Hebei, Liaoning, Jiangsu, Tianjin, Zhejiang, Fujian, Shanghai, Guangdong, Hainan, and Guangxi; the central provinces include Beijing, Shanxi, Henan, Anhui, Hubei, Jiangxi, Hunan, Heilongjiang, and Jilin; the western provinces include Sichuan, Yunnan, Guizhou, Tibet, Chongqing, Shaanxi, Gansu, Qinghai, Xinjiang, Ningxia, and Guangxi Inner Mongolia*.
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Overall, 26,407 NTM isolates from 237 studies were identified as belonging to 64 NTM species. Twenty-eight species had \<10 isolates, 16 species had 10--50 isolates, five species had 50--100 isolates, and 15 species had \>100 isolates. *Mycobacterium abscessus* and species belonging to the *Mycobacterium avium* complex (MAC) were always among the top three most prevalent species in the 20-year period ([Figure 3](#F3){ref-type="fig"} and [Supplementary Table 3](#SM1){ref-type="supplementary-material"}). At the species level, *M. abscessus* was the most prevalent NTM species in clinical samples from China prior to 2015. After 2015, even though the isolates decreased compared with the previous 5 years, *M. intracellulare* became the most prevalent NTM species after a significant decrease in the prevalence of *M. abscessus*. If analyzed at the species group (*M. abscessus*/*chelonae* and MAC) level, MAC were the dominant NTM species in China across the 20-year study period. In addition, the prevalence of *Mycobacterium chelonae* decreased, while that of *Mycobacterium kansasii* significantly increased. The largest numbers of NTM isolates were recovered from Guangdong, Zhejiang, Shanghai, Beijing, and Jiangsu provinces ([Figure 3](#F3){ref-type="fig"} and [Supplementary Table 3](#SM1){ref-type="supplementary-material"}). Interestingly, the proportions of the 10 most dominant NTM species differed among these provinces, with differences even observed among the three neighboring provinces, Zhejiang, Jiangsu, and Shanghai.
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Pre-existing Conditions and Clinical Symptoms of NTM Patients
-------------------------------------------------------------

A total of 70 papers and 1,689 patients were included in the analysis of the pre-existing conditions of NTM infections. The most common pre-existing conditions were HIV infection (41.33%), bronchiectasis (16.87%), previous pulmonary tuberculosis (15.87%), chronic obstructive pulmonary disease (11.37%), diabetes (5.33%), pleurisy (3.14%), hypoproteinemia (2.66%), anemia (1.84%), and hypertension (1.60%). The main risk factors for NTM in China were different from those reported in Europe (chronic obstructive pulmonary disease, bronchiectasis, and asthma) and in the United States (fibrocavitary disease and consolidating infiltrates) ([@B10]).

From 449 HIV co-infection patients, a total of 26 NTM species were recovered. In addition, four co-infection cases were positive for two different NTM species. NTM can cause bacteremia as well as skin/soft tissue, bone, joint, and eye infections, with different NTM species more commonly associated with different clinical manifestations. Only one species, *M. abscessus*, was reported in all reports of eye infection ([Table 2](#T2){ref-type="table"}).

###### 

Syndromes caused by non-tuberculous mycobacteria (NTM) infection and related species.

                                                           **HIV co-infection**   **Bacteremia**        **Pulmonary infection**   **Skin/soft tissue infection**   **Bone and joint infection**   **Eye infection**
  -------------------------------------------------------- ---------------------- --------------------- ------------------------- -------------------------------- ------------------------------ -------------------
  NTM species in the top five                              *M. avium*             *M. marinum*          *M. avium*                *M. chelonae*                    *M. fortuitum*                 *M. abscessus*
                                                           *M. gordonae*          *M. abscessus*        *M. abscessus*            *M. marinum*                     *M. abscessus*                 
                                                           *M. kansasii*          *M. avium*            *M. chelonae*             *M. fortuitum*                   *M. marinum*                   
                                                           *M. chelonae*          *M. kansasii*         *M. intracellulare*       *M. abscessus*                   *M. gordonae*                  
                                                           *M. abscessus*         *M. intracellulare*   *M. kansasii*             *M. avium*                       *M. intracellulare*            
  Case reported                                            449                    49                    2,417                     1,090                            9                              25
  Total NTM species identified                             26                     6                     15                        20                               8                              1
  Number of cases of mixed infection of two or more NTMs   4                      1                     8                         12                                                              2

DST Methods and Antibiotic Resistance of Chinese NTM Isolates
-------------------------------------------------------------

Overall, six DST methods were used in the included studies. The numbers of publications and NTM strains tested using each method are summarized by time period in [Table 3](#T3){ref-type="table"}, and the breakpoints used are summarized in [Supplementary Table 4](#SM2){ref-type="supplementary-material"}. The results showed that, since 2010, an increasing number of studies have assessed the antibiotic sensitivity of NTM. The gold standard DST method for mycobacterium, proportional method, and the traditional absolute concentration method were the most common testing methods used among these studies. However, the microporous plate method, which is easier to conduct and can obtain minimum inhibitory concentration values, has been used more frequently since 2015.

###### 

The drug sensitivity testing methods used for non-tuberculous mycobacteria (NTM) in China.

  **Method**                      **Numbers of publication and NTM strains (ranks)**   **Total**                     
  ------------------------------- ---------------------------------------------------- ----------- -------- -------- --------
  Proportion method               5 (1)                                                3 (2)       23 (2)   23 (1)   54 (1)
  Absolute concentration method   2 (2)                                                9 (1)       25 (1)   11 (2)   47 (2)
  Turbidimetry method             1 (3)                                                1 (4)       3 (3)    7 (4)    12 (3)
  Alarmar blue method                                                                                       10 (3)   10 (4)
  K-B test                        2 (2)                                                1 (4)       1 (4)             4 (5)
  E-test                                                                               2 (3)                         2 (6)
  Total                           10                                                   16          52       51       129

Although NTM are generally resistant to first-line anti-TB drugs, they are usually included in NTM DST. In the included publications, 65 NTM species were screened using a total of 41 different drugs. Among the 10 most common clinical NTM species, up to 27 drugs were tested against \>50 NTM isolates from a single species across 141 studies. An analysis of antibiotic resistances rates among the 10 most prevalent NTM species ([Figure 4](#F4){ref-type="fig"} and [Supplementary Table 5](#SM1){ref-type="supplementary-material"}) showed that there were very few drugs to which the NTM isolates showed a high degree of sensitivity. Among the most common clinical species, *M. avium* showed the lowest levels of drug sensitivity (26.9%, 7/26, average drug resistance rate \<50%), followed by *M. abscessus* (33.3%, 9/27), *M. avium-intracellulare* (37.5%, 6/16), *M. fortuitum* (37.5%, 9/24), *M. chelonae* (37.5%, 9/24), and *M. intracellulare* (38.5%, 10/26). Only *M. kansasii* and *Mycobacterium gordonae* were sensitive to more than half of the tested drugs, at 52% (13/25) and 66.7% (16/24), respectively. Among the first-line anti-TB drugs, almost all NTM species were highly resistant to isoniazid. MAC, *M. kansasii*, and *M. gordonae* were moderately sensitive to rifampicin. Ethambutol was relatively the most sensitive first-line anti-TB drug for NTM. Among other drugs, NTM only showed general sensitivity to linezolid (group A drug), clofazimine (group B drug), amikacin (group C drug), tobramycin, and clarithromycin, which could be used as clinically recommended drugs for the treatment of NTM.

![Antibiotic resistance rates of the top 10 clinical non-tuberculous mycobacteria species. The red lines indicate the average rates, while the black dots indicate the actual resistance rates reported in the papers. Inh, isoniazid; Rif, rifampicin; Emb, ethambutol; Lfx, levofloxacin; Mxf, moxifloxacin; Lzd, linezolid; Cfz, clofazimine; Cs, cycloserine; Imp, imipenem; Mpm, meropenem; Am, amikacin; Str, Streptomycin; Pto, protionamide; PAS, aminosalicylic acid; Cm, capreomycin; Km, kanamycin; Tbm, tobramycin; Smz, sulfamethoxazole; Pa, pasinizid; Rap, rifapentine; Rfb, rifabutin; Cfx, cefoxitin; Ofx, ofloxacin; Cip, ciprofloxacin; Gat, gatifloxacin; Azi, azithromycin; Clar, clarithromycin.](fpubh-08-00295-g0004){#F4}

Discussion {#s4}
==========

In 1979, the first Chinese national TB surveillance program reported that NTM accounted for 4.3% (TB, 717/100,000) of smear-positive clinical cultures. This isolation rate increased to 15.35% (TB, 535/100,000) in the third surveillance (1990), 11.1% (TB, 367/100,000) in the fourth surveillance (2000), and 22.9% (TB, 459/100,000) in the fifth surveillance (2010) ([@B11]). As shown in [Figure 5](#F5){ref-type="fig"}, the trends in the prevalence of NTM, as determined in the current study between 2000 and 2010, were consistent with the national monitoring. These data indicated that the prevalence of NTM in China is much higher than that in European countries (0.2--2.9/100,000) ([@B2], [@B12]--[@B14]) and in the United States (8.7--13.9/100,000). In addition, the proportion of NTM among mycobacterial isolates in China was higher than that reported in India (6.5%, 2000--2012) ([@B15]) and in Iran (10.2%, 1999--2014) ([@B16]) but lower than that in Northern India (29%, 2013--2015) ([@B17]).

![Non-tuberculous mycobacteria isolation rates in mainland China.](fpubh-08-00295-g0005){#F5}

[Figure 5](#F5){ref-type="fig"} also clearly shows that the changes in NTM prevalence in China are not continuous but rather show periodic fluctuation. Two increasing periods were observed after the two significant decline periods of 2000--2004 and 2010--2015. The NTM isolation rates (/TB suspect and /isolated mycobacteria) between the two decline periods have no statistically significant difference, the same as the NTM isolation rates (/isolated mycobacteria) between the two increasing periods. Although the 95% CIs of the two peaks of the NTM isolation rates (/TB suspects), 6.22--7.20 and 7.32--8.49, do not overlap and indicate statistical significance, the difference is only 1.2%. This analysis indicates that the proportions of NTM in TB are relatively constant in both the increasing and the declining periods. However, the estimated TB incidence (all forms) per 100,000 population in China has gradually dropped from 100 to 85, 72, and 63, down by 37.5% over the same time periods ([@B18]). Therefore, although the global NTM prevalence rates are increasing, the NTM infections in the populations in China should be a generally decreasing trend. Moreover, greater awareness of NTM and improved imaging and culture techniques can increase the rates of diagnosis, further implicitly increasing NTM prevalence rates. The decrease of NTM prevalence is perhaps even more so than indicated by the data.

NTM are generally environmental bacteria, so it is reasonable that specific environmental factors relating to soil, water, and temperature can affect the distribution of NTM species and the risk of NTM disease, leading to specific geographic characteristics and time variation. Research showed that MAC was the most common species worldwide, accounting for 34--61% of all NTM isolates ([@B19]), followed by *M. gordonae, M. xenopi*, and *M. kansasii*, and *M. fortuitum* was the most common rapid mycobacterial grower ([@B20]). Regional analyses showed that *M. kansasii* was the most common species in Slovakia and Poland, *M. xenopi* in Central, Southern, and Western Europe, *M. malmoense* in Northern Europe, and *M. abscessus* complex in North America, Taiwan, Australia, and South Korea ([@B19], [@B21]). At the species group level, MAC was the most prevalent group in China, the same as the rest of the world, although with a less proportion accounting for it (27.46%). However, our results revealed that it is more appropriate to conduct analyses at the species level, which more clearly reflects changes in the prevalence of different species. For example, in China, a shift in the most predominant species from *M. abscessus* to *M. intracellulare* occurred after 2015, with certain differences also noted in the NTM drug resistance spectra.

The geographical distribution of NTM has a general pattern of greater abundance near the coast compared with that inland. For example, the incidence rates of NTM-associated pulmonary disease in Europe were 0.4/100,000 and 0.2/100,000 for coastal and continental regions, respectively ([@B2]). Our study revealed a similar distribution pattern in China ([@B11]), with an incidence rate of 4.68% in coastal regions compared with 2.9% in western inland regions. In addition to differences in environmental factors, the economic level of the coastal economic zone is higher than that of the inland zone. As a result, the laboratory conditions and the testing capacity of labs in coastal areas are higher than those of labs in inland areas, which is an important contributing factor to differences in prevalence in China. Among the five provinces with the greatest NTM prevalence rates, Guangdong and the four other provinces are more than 10° apart in latitude; thus, it is reasonable that they would show differences in dominant species composition compared with the other provinces. Unexpectedly, the NTM species compositions of three adjoining provinces, Jiangsu, Zhejiang, and Shanghai, were not the same, with the middle province, Shanghai, showing the most divergent composition. Therefore, in addition to environmental factors, we predict that there are also undiscovered factors affecting the distribution of NTM.

Aside from the limited number of drugs to which NTM showed sensitivity, our study exposed two problems with NTM drug sensitivity testing. First, the resistance rates of NTM strains varied greatly between studies. For example, while an NTM species may show 100% resistance to a drug in one study, it could then show 100% sensitivity in another study. Among the 210 drug resistance rates reported for the top 10 NTM species, only 20.48% of rates (43/210) showed a range \<25%. While the variations in drug resistance rates were the lowest for *M. abscessus* and *M. gordonae*, only one third of the reported rates were within a variation range of 25%. Therefore, when drug sensitivity testing results are absent or unavailable, physicians should exercise caution when selecting empirical medication for the treatment of NTM infection. Second, we uncovered a lack of drug resistance data for *M. massiliense*.

In conclusion, although the NTM culture and identification methods used in mainland China are still traditional, there is increasing focus on NTM. The current study presents a comprehensive 20-year history of NTM in mainland China, which will further our understanding and aid in the prevention of NTM-associated diseases. The analysis presented here is a valuable reference for clinicians and public health policymakers.
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